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bstract
The crystalline silicon photovoltaic modules are widely used as power supply sources in the tropical areas where the weather
onditions change abruptly. Fortunately, many MPPT algorithms are implemented to improve their performance. In the other hand,
t is well known that these power supply sources are nonlinear dipoles and so, their intrinsic parameters may vary with the irradiance
nd the temperature. In this paper, the MPPT algorithms widely used, i.e. Perturb and Observe (P&O), Incremental Conductance
INC), Hill-Climbing (HC), are implemented using Matlab® /Simulink® model of a crystalline silicon photovoltaic module whose
ntrinsic parameters were extracted by fitting the I(V) characteristic to experimental points. Comparing the simulation results, it
s obvious that the variable step size INC algorithm has the best reliability than both HC and P&O algorithms for the near to real
imulink® model of photovoltaic modules. With a 60 Wp photovoltaic module, the daily maximum power reaches 50.76 W against
4.40 W when the photovoltaic parameters are fixed. Meanwhile, the daily average energy is 263 Wh/day against 195 Wh/day.
 2016 Electronics Research Institute (ERI). Production and hosting by Elsevier B.V. This is an open access article under the CC
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.  Introduction
It is well known that the operating point of a photovoltaic power supply source moves away from its maximum
power point when the irradiance changes (Kumar, 2013; Abdulkadir et al., 2013; Durusu et al., 2014a; de Brito
et al., 2013). To solve this problem, various MPPT algorithms have been implemented (Abdulkadir et al., 2013;
Durusu et al., 2014a; de Brito et al., 2013; Rathod et al., 2014). Among these MPPT algorithms, some already have
industrial applications because of their ease of implementation, i.e. Perturb and Observe (P&O), Hill Climbing (HC)
and Incremental Conductance (INC) algorithms (Durusu et al., 2014a; de Brito et al., 2013; Rathod et al., 2014).
The function of these algorithms is to transfer the maximum power from the photovoltaic power supply source to
the DC load. This is possible by inserting a DC–DC converter between the photovoltaic power supply source and the
DC load. Such algorithms are implemented on an electronic control circuit of the DC–DC boost or buck converter.
Thus, the transfer of the maximum power to the load is achieved when the output impedance of the DC–DC converter
is comparable with the DC load. To do this, the converter output impedance may be modulated by the duty cycle of
the control signal according to the values of the irradiance.
In the literature, most MPPT algorithms do not take into consideration the variations of the intrinsic parameters of
the photovoltaic power supply source such as the series resistance and the reverse saturation current (de Brito et al.,
2013; Rathod et al., 2014). However, it has been shown that these intrinsic parameters depend closely on weather
conditions (Dandoussou et al., 2015).
The main objective of this paper is to compare the reliability of MPPT algorithms that do not take into consideration
changes in the series resistance of crystalline silicon photovoltaic modules with those that take them into consideration
under the variable weather conditions. In fact, as mentioned above, MPPT techniques are generally implemented
under laboratory conditions with weather conditions (irradiances and temperature) that are produced and controlled
by laboratory equipment. These former works did not consider the variations of photovoltaic parameters when the PV
module is submitted under normal operating conditions (NOC).
2.  MPPT  algorithms
2.1.  Perturb  and  Observe  algorithm
The P&O algorithm is the only one that is implemented and sold in the markets. Its principle is to perturb the output
voltage or current of a PV module and observe the output power at the same time. In fact, this technique searches for
the maximum power point (MPP) while checking the sign of the differential coefficient of the power with respect to the
voltage (dPpv/dVpv) in the P–V characteristics. Unfortunately, the steady state is always unstable (Alsadi and Alsayid,Please cite this article in press as: Dandoussou, A., et al., Comparative study of the reliability of MPPT algorithms
for the crystalline silicon photovoltaic modules in variable weather conditions. J. Electr. Syst. Inform. Technol. (2016),
http://dx.doi.org/10.1016/j.jesit.2016.08.008
2012; Saxena and Gupta, 2014).
According to the P–V characteristic of a PV module and its derivative (dPpv/dVpv) as shown in Fig. 1, three cases
can be distinguished:
Fig. 1. P–V characteristic of a PV module.
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rFig. 2. Flowchart of the P&O algorithm.
 When dPpv⁄dVpv =  0, the operating point coincided with the MPP.
 When dPpv⁄dVpv >  0, the operating point is located on the left side of the MPP. So, the voltage shall be increased until
the MPP is reached.
 When dPpv⁄dVpv <  0, the operating point is located on the right side of the MPP. So, the voltage shall be decreased
until the MPP is reached.
In this study, Matlab® environment is used to simulate the results. In fact, nowadays, Matlab® is the most used
oftware in computer aided design and research work. Fig. 2 shows the flowchart of this algorithm and Fig. 3 shows
ts Matlab® /Simulink® flowchart. The simulation results will be shown in Section 4.
.2.  Hill  Climbing  algorithm
This algorithm is using the sign of the derivative of the output power with respect to the voltage or the current
Alsadi and Alsayid, 2012; Saxena and Gupta, 2014).
 When dPpv⁄dVpv >  0, the duty cycle D should be increased by a step D.
 When dPpv⁄dVpv <  0, the duty cycle D should be decreased by a step D.Please cite this article in press as: Dandoussou, A., et al., Comparative study of the reliability of MPPT algorithms
for the crystalline silicon photovoltaic modules in variable weather conditions. J. Electr. Syst. Inform. Technol. (2016),
http://dx.doi.org/10.1016/j.jesit.2016.08.008
Fig. 4 shows the flowchart of the algorithm and Fig. 5 shows its Matlab® /Simulink® flowchart. The simulation
esults will be shown in Section 4.
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Fig. 3. The Matlab® /Simulink® flowchart of the P&O algorithm.Fig. 4. Flowchart of the Hill Climbing algorithm.
2.3.  Incremental  Conductance  algorithm
This method is also based on the derivative of the output power with respect to the voltage. It reduces the oscillationsPlease cite this article in press as: Dandoussou, A., et al., Comparative study of the reliability of MPPT algorithms
for the crystalline silicon photovoltaic modules in variable weather conditions. J. Electr. Syst. Inform. Technol. (2016),
http://dx.doi.org/10.1016/j.jesit.2016.08.008
which have been observed in the P&O method. In fact, it searches for the MPP while checking the sign of the incremental
conductance (dIpv/dVpv). Unfortunately, it is difficult to find out the MPP in lower irradiation.
dPpv⁄dVpv = d(VpvIpv)⁄dVpv =  Ipv +  VpvdIpv⁄dVpv (1)
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MFig. 5. Matlab® /Simulink® Stateflow chart of the Hill Climbing algorithm.
 When dIpv⁄dVpv =  −Ipv⁄Vpv, the operating point coincides with the MPP.
 When dIpv⁄dVpv >  −Ipv⁄Vpv, the operating point is on the left side of the MPP. The duty cycle D shall be decreased by
a step D.
 When dIpv⁄dVpv <  −Ipv⁄Vpv, the operating point is on the right side of the MPP. The duty cycle D shall be increased by
a step D.
For a constant step INC, the system will oscillate around the MPP for a high step size D. Meanwhile, it will be
table around the MPP for a small step size D even though it becomes slow (Christopher and Ramesh, 2016; Durusu
t al., 2014b; Lokanadham and Vijaya Bhaskar, 2012; Saravana Selvan, 2013; Tey and Mekhilef, 2014). In order to
olve this problem, a variable step size INC algorithm has been developed (Cho and Hong, 2013; Liu et al., 2008). The
orresponding step size is given by:
D  =  N|Ppv(k) −  Ppv(k  −  1)
Vpv(k) −  Vpv(k  −  1) |  (2)
here the coefficient N is a scaling factor. Its value can be obtained by solving Eq. (3) with Dmax the maximum step
ize in the previous sampling period.
N  <  Dmax/|dPpv⁄dVpv|fixed  step  =  Dmax (3)
Another variable step size has been defined as shown in Eq. (4) where the coefficient NP is the scaling factor and
P is the variation of the output power (Liu et al., 2008).
D  =  NP |1 − 11 +  exp(−a(P  −  c)) |  (4)Please cite this article in press as: Dandoussou, A., et al., Comparative study of the reliability of MPPT algorithms
for the crystalline silicon photovoltaic modules in variable weather conditions. J. Electr. Syst. Inform. Technol. (2016),
http://dx.doi.org/10.1016/j.jesit.2016.08.008
Fig. 6 shows the flowchart of the variable step Incremental Conductance algorithm and Fig. 7 shows its
atlab® /Simulink® flowchart. The simulation results will be shown in Section 4.
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Fig. 6. Flowchart of the variable step Incremental Conductance algorithm.3.  Simulink® model  of  the  photovoltaic  system
The Simulink® model of the PV system is shown in Fig. 8, with the following blocs:
- A bloc diagram of the monocrystalline PV module with the manufacturer’s specifications given in Table 1.
- A bloc diagram of a boost DC–DC converter with the parameters calculated and given in Table 2.
- An MPPT bloc with as inputs: the PV module voltage Vpv and current Ipv, and the step size dD defined only for the
P&O, INC and HC algorithms. For the variable step INC, input dD is not defined because the step is calculated in
the MPPT bloc.Please cite this article in press as: Dandoussou, A., et al., Comparative study of the reliability of MPPT algorithms
for the crystalline silicon photovoltaic modules in variable weather conditions. J. Electr. Syst. Inform. Technol. (2016),
http://dx.doi.org/10.1016/j.jesit.2016.08.008
- A constant resistive load of 7.5 .
Please cite this article in press as: Dandoussou, A., et al., Comparative study of the reliability of MPPT algorithms
for the crystalline silicon photovoltaic modules in variable weather conditions. J. Electr. Syst. Inform. Technol. (2016),
http://dx.doi.org/10.1016/j.jesit.2016.08.008
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Fig. 7. Matlab® /Simulink® Stateflow chart of the Incremental Conductance algorithm.
Table 1
Manufacturer’s specifications of the PV module.
Band gap energy of silicon at 300 K 1.12 eV
Short-circuit current at STC 4.01 A
Open circuit voltage at STC 21.6 V
Current at MPP 3.47 A
Voltage at MPP 17.3 V
Maximum power at STC 60 Wp
Number of series-connected cells 36
Table 2
Parameters of the boost DC–DC converter.
Switching frequency 20 kHz
Inductance value 935 H
Capacitance value 2.67 F
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Fig. 8. Simulink® model of the implemented photovoltaic system.The input variables of the bloc diagram of the PV module are: the irradiance, the temperature and the intrinsic
parameters of the PV module (i.e. the diode ideality factor n, the reverse saturation current Is and the series resistance
Rs).
Fig. 9 shows the experimental curves of the irradiance and the temperature recorded during a sunny day from
9:30 A.M. to 02:30 P.M. at local time. Obviously, both the irradiance and the temperature do not have the same profile
during the day.
The photovoltaic parameters of the PV module have been determined in a previous work by adjusting the I–V
function to the experimental data (Dandoussou et al., 2015). Fig. 10 shows the curves of the intrinsic parameters
obtained by fittings. Obviously, the diode ideality factor (n) is almost constant, while the variations of the reverse
saturation current (Is) and the series resistance (Rs) are equivalent to those of the cell temperature and the irradiance
respectively.Please cite this article in press as: Dandoussou, A., et al., Comparative study of the reliability of MPPT algorithms
for the crystalline silicon photovoltaic modules in variable weather conditions. J. Electr. Syst. Inform. Technol. (2016),
http://dx.doi.org/10.1016/j.jesit.2016.08.008
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Fig. 9. Curves of the irradiance and the cell temperature recorded during the day of January 23, 2013, at the latitude of 7.3◦N and the longitude of
13.3◦E.
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oFig. 10. Curves of the intrinsic parameters of a PV module determined by fittings (Dandoussou et al., 2015).
.  Results  and  discussion
Firstly, the simulations have been carried out with the constant values of the intrinsic solar cell parameters (Rs = 2.1 
nd n = 1.2) and secondly, with the intrinsic solar cell parameters depending on the weather conditions as shown in
ig. 10. The step size D has been fixed to 0.01 for the P&O, HC and fixed step INC algorithms.
Fig. 11 shows the simulation and the experimental curves of the output power of the PV module using the P&O
lgorithm. The simulation curve (dash-dot line) for the intrinsic solar cell parameters depending on weather conditions
s higher than the simulation curve (dash line) for the constant intrinsic solar cell parameters. In addition, its profile is
lmost the same like the profile of the experimental curve measured without an MPPT module (solid line).
Fig. 12 shows the simulation and the experimental curves of the output power of the PV module using the Hill
limbing algorithm. The simulation curve (dash-dot line) for the intrinsic solar cell parameters depending on weather
onditions is higher than the simulation curve (dash line) for the constant intrinsic solar cell parameters. In addition,
ts profile is almost the same like the profile of the experimental curve measured without an MPPT module (solid line).
Figs. 13 and 14 show the simulation and the experimental curves of the output power of the PV module using
he Incremental Conductance algorithm, with a constant step size and with a variable step size respectively. For the
ariable step INC, the different parameters for calculating the step are set as follow: Np = 0.0002, a = 0.05 and c = 150Please cite this article in press as: Dandoussou, A., et al., Comparative study of the reliability of MPPT algorithms
for the crystalline silicon photovoltaic modules in variable weather conditions. J. Electr. Syst. Inform. Technol. (2016),
http://dx.doi.org/10.1016/j.jesit.2016.08.008
Liu et al., 2008). In both cases, the simulation curve (dash-dot line) for the intrinsic solar cell parameters depending
n weather conditions is higher than the simulation curve (dash line) for the constant intrinsic solar cell parameters. In
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Fig. 11. Curves of output powers of the PV module.
Fig. 12. Curves of output powers of the PV module using the Hill Climbing algorithm.Fig. 13. Curves of output powers of the PV module using a fixed step INC algorithm.
addition, its profile is almost the same like the profile of the experimental curve measured without an MPPT module
(solid line).
Obviously, it is well shown that with these two MPPT algorithms, the simulation curves of output power with thePlease cite this article in press as: Dandoussou, A., et al., Comparative study of the reliability of MPPT algorithms
for the crystalline silicon photovoltaic modules in variable weather conditions. J. Electr. Syst. Inform. Technol. (2016),
http://dx.doi.org/10.1016/j.jesit.2016.08.008
constant inputs intrinsic solar cell parameters are far from the expected output power, even if they are higher than the
experimental curve. The P&O and the fixed step size INC algorithms have the same performance even if the output
power is less than that of the variable step size INC. This low performance is certainly due to the difficult choice of
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Fig. 14. Curves of output powers of the PV module using a variable step INC algorithm.
Table 3
Comparison of the daily production of energy of the crystalline silicon photovoltaic module for different MPPT algorithms.
Photovoltaic parameters RS = 2.1 , n = 1.2 and Is
(Dandoussou et al., 2015)
Variable PV parameters
Different MPPT algorithms (a) (b) (c) (d) (a) (b) (c) (d)
Daily maximum power (W) 29.32 26.92 29.32 34.40 43.25 39.72 43.25 50.76
D
(
t
h
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w
e
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t
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e
h
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5
c
w
s
paily average energy, E (Wh/day) 166.69 153.09 166.69 195.09 224.75 206.41 224.75 263.07
a): P&O, (b): HC, (c): fixed step INC, (d): variable step INC.
he step size. In fact, if the step size is small, the algorithm is stable with a low convergence speed. If the step size is
igh, the algorithm is fast with instability around the MPP.
Table 3 presents the daily average energy produced by the photovoltaic module with the implemented MPPT
lgorithms. The average energy has been calculated by MATLAB® command for numerical integration: trapz (t,P),
ith t the time vector and P the power vector. Results show clearly that, with variable PV parameters, the daily average
nergy is higher compared to the daily average energy produced with constant PV parameters. The lowest energy is
btained with the HC algorithm whatever PV parameters are fixed or variable. The highest energy is obtained with
he variable step INC algorithm whatever PV parameters are fixed or variable. However, the P&O and the fixed step
NC algorithms have the same performance. These results show that the performance of an MPPT algorithm must be
valuated under normal operating conditions (NOC). In fact, theoretically, it has been proved that the HC algorithm
as the best performance with an efficiency of 95–99% against 90–98% for the INC algorithm and 81–96% for the
&O algorithm (Kumar, 2013). This study shows that under NOC, the HC algorithm is the worst and the variable step
NC algorithm is the best.
.  Conclusion
This work focused on the evaluation of the performance and the reliability of usual MPPT algorithms, taking into
onsideration the dependency of the intrinsic parameters of crystalline silicon photovoltaic modules to the variablePlease cite this article in press as: Dandoussou, A., et al., Comparative study of the reliability of MPPT algorithms
for the crystalline silicon photovoltaic modules in variable weather conditions. J. Electr. Syst. Inform. Technol. (2016),
http://dx.doi.org/10.1016/j.jesit.2016.08.008
eather conditions. These intrinsic parameters were extracted by fitting the I(V) characteristic to experimental points. In
o doing, the responses of near to real Simulink® model of photovoltaic modules are superimposed with the experimental
oints. The obtained Simulink model of the PV module has been used to simulate with a good accuracy the MPPT
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algorithms widely used i.e. Perturb and Observe (P&O), Incremental Conductance (INC), Hill-Climbing (HC). The
simulation results show that the variable step size INC algorithm has the best performance and reliability than both HC
and P&O algorithms in fast variable weather conditions. However, in order to reduce uncertainties in this work, the
following items must be considered: the use of the various technologies of PV cells (monocrystalline, polycrystalline,
amorphous, etc.), the influence of the other parameters like the shunt resistance and the band gap energy of the solar
cell.
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